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Abstract 

Chemical transformations on the surface of commercially available 3C-SiC nanoparticles were 
studied by means of FTIR, XPS and temperature-programmed desorption mass spectrometry 
methods. Thermal oxidation of SiC NPs resulted in the formation of a hydroxylated SiCh surface 
layer with C^Si-lI and CH X groups over the SiCP/SiC interface. Controllable oxidation followed by 
oxide dissolution in HF or KOH solution allowed the SiC NPs size tuning from 17 to 9 nm. Oxide- 
free SiC surfaces, terminated by hydroxyls and CaSi-Fl groups, can be efficiently functionalized by 
alkenes under thermal or photochemical initiation. Treatment of SiC NPs by HF/HNO 3 mixture 
produces a carbon-enriched surface layer with carboxylic acid groups susceptible to amide chemistry 
functionalization. The hydroxylated, carboxylated and animated SiC NPs form stable aqueous sols. 
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1. Introduction 

Among the vast variety of currently known inorganic materials, the silicon carbide (SiC) 
exhibits a number of unique properties [1]. The SiC possesses outstanding thermal conductivity [2]; 
thermal, mechanical and chemical stability, which results in low toxicity and biocompatibility. It is a 
wide band-gap semiconductor (AE = 2.36 eV for 3C-SiC polytype) giving optical effects such as 
visible range photoluminescence [3, 4], electroluminescence (the first LED was built on SiC [5]) and 
second harmonic generation [6, 7]. That is why SiC-based nanostructures such as porous SiC [8, 9], 
SiC nanowires [10, 11] and particles attract growing attention of scientific community. In particular, 
the SiC nanoparticles (NPs) can be applied in microelectronics, as initial materials for ceramics [12] 
and composites [13, 14, 15], as abrasives, catalyst support [16], photocatalysts [17, 18, 19], 
biosensors [20], adsorbents [21, 22] and in biology as optical probes [23, 24, 25]. 

Variable properties of the SiC NPs, such as sintering, dispersibility in liquids and polymers, 
stability, viscosity and electrokinetical properties of aqueous sols, optical and biological properties 
are all determined mainly by the composition of the NPs surface layer and can be tuned by 
appropriate chemical modification. The size of SiC NPs also matters on their properties. That is why 
the surface chemistry of the SiC is a research focus of numerous researchers. 

Different protocols used for the preparation of SiC nanostructures led to a wide variety of SiC 
surface tenninations, which are characterized sufficiently well. However, the diversity of “initial” 
SiC surface chemistries makes further chemical functionalization of the SiC surface complicated and 
poorly studied problem. Furthermore, three different types of SiC materials under study, i.e.: i) 
monocrystalline wafers; ii) the SiC nanostructures prepared by partial chemical or electrochemical 
dissolution of bulk SiC, referenced below as “top-down nano-SiC”, and iii) “industry-made SiC 
powders” form three practically independent data clusters; that “separation” occurs probably due to 
difference in the applied methods and interest fields of researchers dealing with those materials. As a 
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result of all aforementioned, many aspects related to the chemical properties of the SiC surface 
remain unexplored and poorly studied in comparison with other semiconductors. 

Large arrays of data concerning the surfaces of SiC monocrystals have been mainly obtained 
with the help of XPS and multiple reflection FTIR-ATR methods. Particularly, treatment of both 
“carbon” and “silicon” faces of the oxidized 4H-SiC plate with HF resulted in formation of highly 
hydrophilic surfaces, bearing mainly hydroxyl groups (=C-OH and =Si OI 1) respectively [26]. 
According to Rosso et al. [27, 28], FIF-treated surfaces of the SiC readily react with alkenes under 
thermal or photochemical activation leading to hydrolytically stable grafted layers due to formation of 
C-O-C bridges between the =C-OH groups and alkene molecules. Easily polymerizable alkenes, 
such as styrene and methacrylates, form polymer brushes onto the =C-OFl groups of the 6Fl-SiC 
carbon face under photoinitiation, while =Si-OH groups of the silicon face remain inactive under 
identical conditions [29]. One of the most interesting features of the SiC surface is the reaction of 3C- 
SiC (100) 3><2 reconstructed surface with hydrogen [30, 31] giving a “metalized” surface. That 
surface is covered with =Si-I I bonds and high fraction of sterically stabilized dangling bonds. Besides 
that, heating of the SiC in high vacuum results in partial evaporation of Si atoms forming a well- 
structured graphene monolayer on the silicon face of the crystal [32]; in fact, it was the first method 
of graphene preparation. 

Flighly-crystalline small (d < 6.5 nm) photo luminescent “top-down” SiC NPs can be produced 
by partial oxidation and dissolution of bulk SiC in FIF-based solutions followed by mechanical or 
ultrasonic grinding of resultant powders. Widely used chemical oxidation of SiC micropowders 
requires rather harsh fabrication conditions (FlNCEiFlF (1:3, v/v) at 100°C) [33, 34, 35, 36, 37], while 
an electrochemical etching of SiC wafers can be carried out in more controllable way [23, 24, 38, 39]. 
Recently, the electrochemical procedure was successfully applied to obtain small (< 10 nm) SiC NPs 
from the slurry of relatively large SiC nanopowder (> 50 nm) [40]. 
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According to different groups of authors [34, 35, 36, 38, 39], the surface of as-prepared “top- 
down” SiC NPs can be terminated with a wide variety of functionalities, such as hydroxyls, Si-O-Si, 
Si-O-C and C-O-C bridges, CH X groups, “sp"-carbon”, silane (Si-H) groups, Si-Si bonds and some 
fluorine-containing species. The hydroxyls (=C-OH and =Si O11) as well as carboxylic acid (-CO 2 H) 
groups seems the most well-confirmed among them, demonstrating the acidity constants (pK a ) equal 
to 4.2 (-CO 2 H), 7.1 ( =Si-OI I) and 9.5 (=C-OH) [41], In general, the surface chemistries of the SiC 
NPs, prepared by either chemical or electrochemical dissolution, are similar between themselves and 
to those of electrochemically-derived porous 6H-SiC [42], Additionally it should be mentioned, that 
oxidation of the SiC in HF-containing solutions may result in the formation of a by-product named 
carbon fluorooxide [43], the presence of which could influence the interpretation of SiC chemical, 
photoluminescent and biological properties. 

Commercially available SiC NPs are usually prepared by “bottom-up” methods, such as 
carbothermal reduction [9, 44] or plasmochemical and CVD processes [1, 45]. Resultant NPs usually 
possess higher concentration of crystallite defects, larger particle size and completely different initial 
surface termination in comparison with the “top-down” nano-SiC. For example, detailed XPS and 
elemental analysis studies were carried over industry-made by CVD 30-50 nm SiC nanopowders. It 
was shown that the presence of carbon, silicon oxide (Si02) or oxocarbide (SiOC) surface species 
varied with the preparation conditions [46]. 

Chemical functionalization of the SiC is commonly performed through the hydroxyl groups 
via the silanization route, well developed for the surface of SiCF. That procedure was successfully 
applied for monocrystalline SiC [47, 48], industry-made SiC NPs [49, 50, 51] and thermally-oxidized 
porous SiC [42]. Another efficient method of modification and control of colloidal properties of the 
SiC NPs is a non-covalent bonding of soluble polymers [52, 53]. Hydrolytically stable grafted layers 
could be formed on the SiC NPs by thermal decomposition of azo initiators [54], via the interaction 
of free radicals with unsaturated carbon bonds of SiC surface according to authors’ suggestion. The 
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carboxylic acid groups on the “top-down” nano-SiC are able to form salts, anhydrides, amides etc., 
making them a prospect for further functionalization [41, 42, 55], 

In the present work, we attempted to study several issues limiting practical applications of 
commercially available SiC nanopowders in nanoscience. The size of well-crystalline industry-made 
SiC particles is commonly large (above 15-20 nm according to manufacturer’s specifications) in 
comparison with the “top-down” SiC NPs. Their surface chemistry is uncertain due to variations in 
preparation methods and post-production history. All of this limits the possibility of SiC NPs 
chemical functionalization, preparation of their stable sols, their application for bioimaging, and etc. 
Herein, we propose a relatively simple procedure of the SiC NPs size tuning, protocols of 
simplification of their surface chemistry, procedures of chemical functionalization of oxide-free NPs 
as well as preparation of their stable aqueous sols without additional stabilizing agents. 

2. Experimental Section 

2.1. Chemical transformations of SiC nanoparticles 

Initial SiC nanoparticles (SiC_init) were purchased from Nanostructured & Amorphous 

Materials, Inc. (NanoAmor, USA). According to suppliers data this material contains 97% of beta 
SiC (3C-SiC) having 10-20 nm particle size and 150-200 m 2 -g"' surface area. The NPs looked like a 
black highly dispersed powder with very low (0.08 g-cm' 3 ) bulk density. 

Thermal oxidation of SiC NPs was performed by means of their annealing in air with a ramp 
of 10 °C-min' 1 afterwards the temperature was kept for 1 hour at the desired value (from 400 to 
900 °C). The samples of this series are referenced as SiC 900 (for example). 

Acidic removal of surface oxide was performed by treatment of oxidized SiC NPs with HF 
(48%) and ethanol mixture (1:9, v/v) for 15 minutes. Treated SiC NPs were settled by centrifugation 
(any centrifugation was performed for 15 minutes at 14000 g unless otherwise is specified), washed 
under centrifugation repeatedly with water and afterwards with 0.01 M HC1 (to suppress peptization), 



then dried at 70°C in air. The samples of this series are referenced as SiC 900 HF (for example). 
Alkaline removal of the oxide layer was performed by SiC NPs treatment with oxygen-lfee 5M KOH 
for 30 min followed by washing and drying (optionally) according to above protocol. 

To perform SiC NPs surface oxidation in the conditions, avoiding formation of oxide layer, 
the sample SiC 600 was treated with HF ( 48 %):HN 03 (70%) mixture (9:1, v/v) at 100°C for 15 min 
to obtain SiC IIF/HNO3 sample. For characterization and further modifications this sample was 
washed according to the same protocol, as the samples of SiC t°C HF series. For pH titration and 
zeta-potential measurements the sample SiC IIF/HNO3 after preliminary acids removal was 
additionally kept in 0.1 M KOH to ensure hydrolysis of Si-F fragments, followed by H 2 O and 0.01 M 
HC1 washing steps. 

Chemical functionalization of SiC 600 HF with octadecyl groups was performed by 1- 
octadecene in N 2 atmosphere under thennochemical activation (130°C, 6 h) to get SiC-Ci 8 (t) sample 
or photochemical activation (235 nm, 2 h) to get SiC-Ci 8 (hv) sample. Then the SiC-Ci 8 NPs were 
consequently washed with hexane and ethanol under centrifugation. 

Reaction of the SiC HF/HNO3 with C 9 H 19 NH 2 to obtain SiC -NI IC 9 sample was performed 
by refluxing of the particles in 20% solution of C 9 H 19 NH 2 in o-xylene for 1 hour. Then the NPs were 
consequently washed with hexane, ethanol, 3% ethanolic HC1 and ethanol under centrifugation. 
Animated SiC NPs were prepared by reaction of the SiC_ IIF/HNO 3 with ethylenediamine (20%) in 
glycerol at 120°C under continuous mix for 1 hour. The reaction mixture was diluted by ethanol; the 
particles (SiC_NI F) were centrifuged down and washed several times with ethanol. 

Drying of any powder samples was performed in air at temperature not exceeding 70°C. To 
prepare aqueous sols of SiC_KOH, SiC_IIF/HNO 3 and SiC_ NIF NPs their suspensions just after the 
syntheses were washed twice with H 2 O under centrifugation to remove excess of electrolytes. The 
precipitates were diluted with H 2 O to obtain 0.05 mg-inl " 1 concentration in regard to initial powder. 
The pellets peptize easily under shaking; the resulted suspensions were additionally vortexed and 
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treated for 30 min in Elmasonic P 30H ultrasonic bath. Large particles (if any present) were removed 
by 5 min centrifugation at 1500 g. Resulted sols are yellow-brownish transparent liquids, colloidally 
stable under storage in close vessels for at least 1 year. 

2.2. Characterization Methods 

X-ray diffraction patterns were recorded on a Shimadzu XRD 6000 diffractometer (CuK a , 20 
= 5-80 deg., 1 deg-min' 1 scan rate). The size of the ordered (crystalline) domains was estimated by a 
simple Scherrer formula [56]. 

Transmission electron microscopy (TEM) observations were performed using a JEOL JEM- 
2100 microscope at an acceleration voltage of 200 kV. Samples were prepared by deposition from a 
suspension in ethanol on a carbon-covered copper grid. The particle size distributions were 
determined using free ImageJ software. 

The nitrogen adsorption/desorption isotherms were measured on an ASAP 2020 
Micromeritics instalment at 77 K and treated using standard ASAP software. BET method was 
applied to determine specific surface areas (Sbet), while no micropores, the presence of which may 
strongly affect Sbet values, were found by /-plot method. The average particle size was calculated 
from Sbet using spherical particle model and average SiC density (3.21 g-cnT 1 ). The relative 
uncertainty of the values of Sbet and calculated average particle sizes is 5%. 

FT1R spectra were collected in ambient conditions on a Nicolet Nexus 470 spectrometer in 
400 - 4000 cm’ 1 range in transmittance mode (pellets with KBr) or in diffuse reflectance mode using 
A1 mirror as a background. 

X-ray photoelectron spectroscopy (XPS) measurements were performed in a combined ToF- 
S1MS/XPS/STM apparatus at a base pressure of 5TO’ 10 mbar using non-monochromatic A1 K a - 
radiation with a power of 130 W. The spectra were recorded for powder samples pressed onto the 
surface of a gold foil. After subtraction of the Shir ley-type background, the core-level spectra were 



decomposed into components with mixed Gaussian-Lorentzian (G/L) lines using a non-linear least- 
squares curve-fitting procedure. The first component of the carbon C Is peak deconvolution was set 
at 282.5 eV (standard value for the SiC) and used as reference energy for charge correction. The Si 
2p peaks in the final deconvolution are presented as the doublet components sums (Si 2 pi /2 and 2 p 3/2 
components separated by 0.61 eV with an area ratio equal to 1:2). The Si 2p peaks, presented on the 
graphs and the peak positions in discussion relate to the sums of the doublets components, otherwise 
the FWHM values relate to the component itself. The relative uncertainty of the values of surface 
concentrations of the elements determined from XPS is about 10%. 

Temperature programmed desorption mass spectrometry (TPD-MS) measurements were 
carried out by heating of a dry sample under high vacuum (p< 10 Pa) at a heating rate of 10 °C-min" 1 . 
The evolving products were analyzed by mass-spectrometry (El, -70 eV) on a MX7304A instrument 
(Selrni, Ukraine) [57], 

Thermal analysis was performed on a Shimadzu simultaneous TGA/DTA analyser DTG-60H 
in air at atmospheric pressure with AI 2 O 3 as a reference material, heating rate of 10 °C-mirf 1 and 
1200 °C maximum temperature. 

Zeta-potentials and dynamic light scattering (DLS) size-distributions were measured by 
Zetasizer Nano ZS (Malvern) instrument at 173° backscatter geometry for 0.05 mg-ml " 1 solutions of 
the NPs, the refractive index of the NPs was taken as 2.65. The relative uncertainty of these 
measurements is about 10 %. 

The pH-potentiometric titration by 0.05 M NaOH was performed in 0.05 M NaCl solution, 
where the sample of SiC NPs was equilibrated for 2 hours prior to titration. All the solutions were 
prepared on the C 02 -free DI water and an access of CO 2 was minimized during titration. 


3. Results and discussion 


3.1. Thermal oxidation and size tuning of the SiC nanoparticles 
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Prior to any treatments, initial SiC NPs were characterized by powder X-ray diffraction (XRD) and 
TEM. Intense peaks at 35.68, 60.00 and 71.69 deg on the XRD pattern of the NPs (Fig. 1A) 
correspond to (111), (220) and (311) planes of 3C-SiC, respectively (Joint Committee on Powder 
Diffraction Standards (JCPDS) card number 29-1129). These peaks are noticeably widened in 
comparison with the peaks of well-crystallized SiC; the size of ordered (crystallite) domain calculated 


by a simple Scherrer model from the XRD peak 
41.5 and 75.6 deg relate to 3C-SiC planes (002) 
indicates the presence of some amorphous phases 



C 



Particle size, nm 


width corresponds to 6.5 nm. Weak XRD peaks at 
and (222), while a wide peak centered at 18.2 deg 
such as carbon or SiCi +x . 



Figure 1. Characterization of initial SiC NPs. A. Powder XRD pattern. B. TEM image. C. Particle 
size distribution. D. High magnification TEM image. 
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Additional evidence of the impurities is a black color and typical carbon bands in the Raman 
spectrum (See Fig. SI, Supplementary Information) of initial SiC NPs. The band gap of 3C-SiC is 
2.36 eV wide (525 nm wavelength), so the black color could be caused by carbon, SiCi +x or 
defects/impurities within SiC lattice. 

According to TEM image (Fig. IB), the sample is composed of irregularly shaped aggregated 
particles with relatively wide size distribution (Fig. 1C). The mean diameter of the particles from this 
distribution is equal to 15.5 nm with estimated 3.3 nm standard deviation; the median diameter is 
15.3 nm, while a mean mass diameter corresponds to 16.1 nm. High magnification TEM (Fig. 4D) 
demonstrates atomic planes spaced at 0.25 nm (dm of 3C-SiC). A few crystallites of ~ 5 nm can be 
distinguished within the particle, which is in a good accordance with the calculation of the crystallite 
size based on Scherrer model. 

The surface area (Sbet) of the initial sample, evaluated from nitrogen adsorption isotherm (see 
Fig. S2, SI) is equal to 110 nr-g' 1 . Assuming spherical shape of the SiC particles, their mean size can 
be estimated as 17 nm (D = 6-p" 1 -S" 1 ; p = 3.21 g-cm' 1 is the density of SiC), which is in perfect 
accordance with TEM data. All characterization results allow us to state that the initial powder is 
composed of polycrystalline 3C-SiC NPs with some amorphous impurities and the largest size in the 
range declared by the manufacturer. 

Thermal oxidation resulted in substantial lightening of the SiC NPs color with temperature 
growth (Fig 2A), which could be seen quantitatively in diffuse reflectance UV-vis spectra (Fig. S3, 
SI). This change takes place due to removal of black colored carbon and SiCi+ x admixtures from the 
sample under oxidation. Progress of SiC oxidation could be monitored by transmittance FTIR spectra 
(Fig. 2B). The intensity ratio of the bands at 825 cm' 1 (TO and LO phonons of SiC lattice) and 1080 
cm' 1 (silicon oxide v as (Si-0) band) constantly increases with temperature, indicating growth of the 
oxide layer thickness. The oxide could be seen in TEM images as an amorphous layer on the surface 
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of SiC NPs (Fig. 2C). Treatment with HF resulted in oxide layer dissolution, which can be observed 
by vanishing of v(Si O) bands in FTIR (Fig. 2B) and amorphous layer in TEM (Fig. 2D). 



Figure 2. SiC NPs oxidized at different temperatures. A. Optical photos. B. FTIR spectra (KBr 
pellets). C. TEM image (SiC_900°C). D. TEM image (SiC_900°C_HF): absence of surface oxide 
layer allowed to obtain more clear image of crystalline planes and dislocations. 


An overall process of oxide growth and dissolution should result in a decrease of the NPs size, 
and the surface area seems to be the best integral parameter to monitor this value. Indeed, growth of 
the oxidation temperature resulted in a gradual increase of Sbet for the HF-treated thermally oxidized 
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SiC NPs (Table 1). The particle sizes (Table 1) estimated from Sbet in assumption of the spherical 


particle shape indicate progressive contraction of SiC core particles with oxidation temperature. 
According to all aforementioned, an approach of the SiC NPs thennal oxidation followed by oxide 
removal looks prospective for the NPs size tuning. 


Table 1. Surface areas and calculated particle size of the SiC samples after thennal oxidation and 
oxide removal 


Sample 

Sbet, tn 2 -g 1 

D, nm 

SiC init 

110 

17.0 

SiC 600 HF 

123 

15.2 

SiC 700 HF 

129 

14.5 

SiC 800 HF 

156 

12.0 

SiC 900 HF 

200 

9.3 


3.2. Chemical transformations on the surface of SiC nanoparticles 

Change of the SiC NPs color from black to light brown (and spectral data discussed below) 
under thermal oxidation at 600 °C indicates removal of carbon and SiC i +x impurities under this 
treatment. To minimize their influence, further chemical transfonnations were perfonned for the 
SiC_600 sample. Any samples, derived from this solid, are further referenced to without temperature 
indication (SiC I IF instead of SiC 600 HF). Characterization of the surface groups was perfonned 
mainly by diffuse reflectance FT-IR (DRIFT) spectroscopy, supported by XPS and TPD-MS. All 
different routes of SiC chemical functionalization discussed below and corresponding sample 
referencing are presented on the flowchart (Fig. 3). Chemical transformation on this flowchart had a 
purpose of oxide-free SiC NPs preparation in reductive (SiC HF) and oxidative (SiC IIF/HNO 3 ) 
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conditions, probes of their functionalization with organic groups (SiC-Cis, SiC-NHC 9 and SiC-MT) 
and preparation of hydroxylated oxide-free SiC KOH. 

SiC-C 18 (t) SiCJnit SiC-NH 2 

^18^36’ t° 


HF:EtOH, 1:9 


Air, 600° C 


H 2 N(CH 2 ) 2 NH 2 , 

t° 


SiC HF 


HN0 3 :HF, 1:9 

SiC 600-SiC HF/HNO, 


^ 18 ^ 36 ’ hv 


SiC-C 18 (hv) 


KOH 


SiC KOH 


c 9 h 19 nh 2 , t° 


SiC-NHC 


9 


Figure 3. The flowchart of chemical transformations and referencing of functionalized SiC NPs. 


DRIFT spectra of the initial, thermally oxidized and oxide-free SiC NPs are shown in Fig. 4. 
Intense absorption bands of the SiC lattice distorted by reflectance (so-called reststrahlen band [58]) 
resulted in complete absorbance below 1250 cm" 1 making the spectra non-infonnative in this region. 
Intense bands at 1325, 1540 and 1630 cm" 1 are due to different combination modes of SiC lattice 
[59]. Initial SiC sample demonstrates very low IR reflectivity in all studied range, which is typical for 
carbon containing samples, however wide band (3000 - 3700 cm" 1 ) of OH groups and weak bands of 
CH X (2800 - 3000 cm" 1 ), C 3 Si-H (2120 cm’ 1 ) and C=0 (1730 cm" 1 ) fragments could be seen. 



Figure 4. DRIFT spectra of initial SiC_NPs, SiC_600 and SiC HF. The spectra are stacked. 
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Thermal treatment at 600°C resulted in a noticeable increase of SiC NPs IR reflectivity, 
probably due to carbon burning off (see also Raman data, Fig. SI, SI). Intense bands of the silanol 
groups (3750 cm ' 1 - isolated silanols, wide band at 3000 - 3700 cm ' 1 - H-bonded hydroxyls) and 
SiCF (combination mode of SiCT at 1870 cm' 1 ; see also transmittance spectra in Fig. 2 ) indicate the 
presence of hydroxylated silica layer on the SiC_ 600 surface. Surprisingly, the bands of CF1 X (2800 - 
3000 cm' 1 ) and C 3 Si-H (2120 cm' 1 ) groups are clearly seen in the spectrum of thermally oxidized 
sample. Appearance of these groups is caused by reaction between H 2 O (which is present in ambient 
atmosphere) and strained Si-C bonds on the interface between the SiC and surface oxide layer. 

Treatment of oxidized SiC with F1F resulted in the disappearance of SiC >2 (1080, 1230 and 1870 
cm' 1 ) and isolated silanol (3750 cm' 1 ) bands due to oxide layer removal. However, different from 
well-known reaction of oxidized silicon with HF, the surface of SiC I IF remains highly 
hydroxylated, as the band H-bonded hydroxyls significantly increases in its’ spectrum in comparison 
with SiC_ 600. This result is in line with the earlier findings for monocrystalline SiC wafers [26], As 
for CH X and C 3 Si 11 bands, removal of oxide layer seems to have no action on them except slight 
intensity increase and wavenumber shift (2115 cm' 1 ) for the C 3 Si-H band. 

More detailed information on the chemistry of the initial, thermally oxidized and oxide-free 
SiC NPs could be extracted from XPS data. Elemental composition of the samples is presented in 
Table 2. Changes of the Si/C ratio within the sample indicate oxidation of carbon and SiC surface 
layers in the SiC 600 and consecutive oxide removal in the SiC I IF. Significant fraction of oxygen 

in the SiC_init and SiC 600 is due to the presence of oxide layer, while for the SiC HF it relates to 

surface hydroxyls. Presence of fluorine in the HF-treated sample clearly indicates appearance of 
fluorinated surface species. 

Deconvolutions of the C Is, Si 2p, O Is and FIs core level XPS spectra are presented in Fig. 5. 
The initial SiC NPs demonstrate C Is peaks positioned at 282.5 eV (SiC), 284.1 eV (Carbon and 
Si 3 C -0 surface fragments), 285.3 (carbon atoms neighboring the C-0 species) and 286.8 eV (C 3 C-O 
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fragments). The Si 2p spectrum deconvoluted into peaks at 100.4, 102.2 and 103.4 eV, corresponding 
to the SiC, silicon oxocarbide (C2Si02 fragments) and SiC >2 species respectively. The main 
component in the Ols spectrum at 532.3 eV corresponds to Si-O—Si fragments in Si02 and silicon 
oxocarbide, while other components relate to C-0 fragments (533.9 eV) an adsorbed H 2 0 (536 eV). 

Table 2. Elemental composition from the XPS data. 


Sample 

Atomic % 


C 

Si 

O 

F 

SiCJnit 

39.6 

36.8 

23.6 


SiC_600 

20.8 

37.7 

41.5 


SiC HF 

39.4 

44.3 

15.0 

1.2 


Standard RSF values were used 



Figure 5. Deconvolutions of XPS spectra. The spectra of different samples are stacked, the intensities 
are normalized. 
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Thermal oxidation at 600 °C resulted in drastic changes in XPS spectra. The C Is spectrum 
can be deconvoluted into the main components at 282.5 eV (SiC) and 283.0 eV, which can be related 
to sub-interfacial strained layers of the SiC as well as to C atoms in C x CSi 4 _ x coordination. The peaks 
at 284.7 (Carbon + SCC-O) and 286.2 eV (C 3 C-O fragments) are rather weak. The Si 2p spectrum 
can be perfectly (RSTD = 1.03) deconvoluted into two components at 100.6 (FWHM = 1.55) and 

103.5 (FWHM = 1.96) eV which can unambiguously be related to SiC and Si0 2 . In contrast to the 
numerous literature data, no silicon oxocarbide peaks were needed to deconvolute the spectrum. The 
components of the O Is spectrum correspond to Si0 2 (532.7 eV) and adsorbed H 2 0 (535.5 eV). 

Treatment of oxidized sample with HF does not affect significantly the C Is spectrum, which 
can be deconvoluted into the peaks at 282.5 (SiC), 283.1 (sub-interfacial strained SiC + C x CSLi- x ), 

284.6 (Carbon + SCC-O) and 286.3 (C 3 C-O fragments). The only difference between the C Is 
spectra of the oxidized SiC NPs before and after the HF treatment is the relative intensities of the 283 
and 284.6 eV components. Probably, the oxide removal resulted in some surface relaxation as well as 
formation of interfacial SFC-OH groups, described in [26]. The Si 2p spectrum of the HF-treated 
sample demonstrates the components at 100.4 eV (SiC), 102.1 eV (CsSi OH and C 3 SU F surface 
groups) and 103.5 eV (residual Si0 2 ). The O Is spectrum deconvolves into 531.9 eV (surface 
hydroxyls) and 534.8 eV (I FO) components. Unique peak at 686.3 eV in the F Is spectrum of 
SiC_HF (Fig. S4, SI) relates rather to =Si-F than =C-F species. 

According to the DRIFT and XPS data, chemical processes on the SiC surface under thermal 
oxidation and oxide removal could be described as follows. The oxidation resulted in removal of 
large fraction of carbon and other impurities and formation of thin (1-2 nm) Si0 2 layer on the SiC 
surface. In contrast to numerous literature data, no intennediate “silicon oxocarbide” layer was found 
between SiCT and SiC. As the crystalline lattice of SiC mismatches the oxide structure, formed by 
[SiO/J tetrahedra, the interface between the Si0 2 and SiC contains a lot of defects and strained bonds. 
As the oxide layer is permeable to H 2 0 molecules present in ambient air, these defects readily react 
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with H 2 O forming C 3 S 1 II and CH X fragments (Fig. 6 ). Removal of the oxide layer by HF treatment 


resulted in the surface, covered with H-bonded hydroxyls (=C-OH or =Si-OH depending on 
crystallographic orientation), C^Si-I I, Si-F and CH X fragments (see Fig. 6 ). The presence of strained 
=C—C=, =Si-C= and =Si-Si= bonds as well as sterically-stabilized dangling bonds, similar to ones 
on reconstructed or hydrogenated SiC surfaces [30, 31], also seems likely. 
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Figure 6 . Formation of SiH groups in oxidized SiC and surface species of SiC after oxide removal. 


Activity of hydroxylated SiC surfaces towards alkenes [27, 28, 29] as well as presence of 
CTaSi l I groups potentially active in hydrosilylation, makes alkenes promising for the modification of 
oxide-free SiC NPs. Indeed, covalent grafting of octadecene on the surface of SiC NPs under both, 
thermal and photochemical activation can be confirmed by the FTIR spectra (Fig. 7A) demonstrating 
intense bands of alkyl groups (v s (CH 2 ) at 2853 cm' 1 , v as (CH 2 ) at 2925 cm’ 1 , v as (CH 3 ) at 2962 cm ’ 1 
and 5 (CH 2 ) at 1462 cm’ 1 ) and absence of characteristic alkene band (v(C=C), 1645 cm’ 1 ) inherent for 
physisorbed C 18 H 36 . Additional evidence of alkenes covalent grafting is high temperature of SiC-Cis 
thermal decomposition and presence of only short alkenes (C 2 - C 7 ) among the decomposition 
products monitored by the TPD-MS method (Fig. 7B). The intensity of v(Si-H) IR band at 2115 cm ’ 1 
after grafting of octadecene remains practically unchanged, indicating inactivity of the C 3 Si-H 
groups on the SiC surface in hydrosilylation reaction upon applied conditions. However, detailed 
nature of alkenes reaction remains unresolved. It can be either formation of ethers with hydroxyls 
(see Refs. [27, 28, 29]) or addition of the alkenes via the strained bonds (Fig. 8 ) depending on 
crystallographic orientation of the surface. 
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Figure 7. A. DRIFT spectra of SiC_600_HF and products of its modification with 1-octadecene under 
thermal and photochemical activation. 2. TPD-MS profiles for SiC-Ci 8 (t) sample (ions with m/z 26 
(C 2 H 2 + ), 42 (C 3 H 6 + ), 56 (C 4 H 8 + ) and 70 (C 5 H !0 + )). 
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Figure 8 . Possible ways of alkenes grafting on the oxide-lfee SiC. 


Apart from the use of HF, the surface of SiC NPs could also be freed from the oxide layer under 
treatment with KOH solution or with HF/HNO 3 mixture (see transmittance FT-IR spectra in Fig. S5, 
SI). Surprisingly, the C 3 Si-H groups of the SiC surface seem at least partially stable under 
continuous KOH treatment (Fig. 9) and even after action of aqueous bromine solution. This fact 
could be explained by their sterical hindrance, similarly as it was shown for dangling bonds on 
hydrogenated SiC surfaces [30, 31]. Differently from HF-treated SiC, the SiC_KOH contain some 
hydroxyls (probably, silanols) without H-bonding; their narrow IR band lays at 3700 cm' 1 , i.e. 50 cm- 
1 towards low wavelengths as compared to Si0 2 layer. 
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Figure 9. DRIFT spectra of SiC KOH, SiC HF/HNO 3 and SiC-NHC 9 . 

Treatment in HF/HNO 3 mixture was performed in the conditions, close to ones of the 
“chemical top-down” SiC NPs preparation [33, 34, 35, 36, 37], to achieve similar surface 
functionalization. First of all, formation of the “carbon fluorooxide” under the etching discussed in 
details in our recent work [43] should be mentioned. However, scrupulous rinsing of the 
SiC_HF/HN 03 sample after the reaction ensures its’ purification from any CFO, which is well- 
soluble under these conditions. According to the DRIFT data, the surface chemistry of 
SiC_HF/HN 03 demonstrates a number of differences from the SiC_HF. The surface of 
SiCHF/HNCb bears significant fraction of carboxylic acid groups (v(C=0), shoulder at 1730 cm" 1 ), 
higher fraction of CH X groups (increase of the band v(CH x ) at 2800 - 3000 cm" 1 ) and two new types 
of Si-H groups, probably C 2 SiFH and CSiF 2 H ((v(SiH) at 2208 and 2287 cm' 1 ). The carboxylic acid 
groups react with C 9 H 19 NH 2 forming amides, which can be monitored by appearance of intense bands 
of the alkyl group and disappearance of v(C=0) band at 1730 cm " 1 due to coincidence between the 
amide v(C=0) (approx. 1670 cm" 1 ) and SiC combination mode. 

Different from the SiC HF and similarly to electrochemically-derived porous SiC [42], the 
surface of SiC IIF/HNO 3 bears a layer enriched in carbon (see Raman data, Fig. SI, SI). 
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The quantification of SiC NPs surface layers was performed by thermal analysis (Fig. 10A) 
and pH-titration (Fig. 10B). The mass loss below 150°C on the TG curve is attributed to desorption of 
physisorbed water, that is why the starting mass of the sample was set as actual value at this 
temperature. The mass loss between 200 and 500°C accompanied by exothermic effect on the DTA 
relates to oxidation of grafted organic groups, while the mass gain up to 1150°C corresponds to 
transformation of SiC into SiC> 2 . Increase of the temperature above 950°C gives sharp exothermic 
effect on the DTA curve indicating fast oxidation of the SiC due to the increase of Si02 surface shell 
permeability to O 2 at this temperature range. The mass value above 1150°C is nearly constant 
confirming complete transformation of all studied solids into SiC >2 and volatile products. 



Figure 10. A. TG and DTA curves of SiC-Cig(t) sample. B. pH-titration curve for SiC_HF/HN 03 . 


To perform calculations, all “non-SiC” part of the sample SiC 600 was assumed as an oxide 
(SiCL), while for all other samples the presence of oxide was neglected and all “non-SiC” 
components (carbon, hydroxyls, organic groups) were assumed as those, burning totally below 
1200°C without any solid residue. The results of quantitative analysis are presented in Table 3. 

Fraction of SiC in SiC_600 NPs allowed estimation of SiC >2 layer thickness as 0.63 nm. This 
small value, corresponding to just few layers of [SiCL] tetrahedra, explains the reactivity of SiC/SiCL 
interface towards H 2 O vapor under ambient conditions. Low fraction of “non-SiC” in SiC I IF sample 
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allowed relation of all surface groups to one surface monolayer, while for the SiC HF/HNO3 
approximately 1 nm thick carbon-enriched layer is formed. High concentrations of grafted alkyl 
groups in SiC_Ci 8 (t) and SiC NIIC 9 samples (for -C 18 H 37 its value corresponds to formation of 
disordered monolayer) confirm high efficiency of proposed functionalization methods. 

Table 3. Quantitative composition of modified SiC NPs. 


Sample 

W(SiC), % 

Surface groups 

W(%) 

C L , pmol g‘‘ 

SiC init 

86.2 

Carbon 

13.8 


SiC 600 

84.3 

Si0 2 

15.7 


SiC HF 

95.1 

n 

X 

* 

1 

0 

X 

4.9 


SiC_Ci 8 (t) 

83.6 

n 

X 

* 

1 

0 

X 

4.4 


-C 18 H 37 

12.0 

478 

SiC HF/HNO 3 

87.8 

Carbon, CH X , OH 

12.2 


-co 2 h 


354* 

=Si-OH 


295* 

SiC NHC 9 

85.2 

Carbon, CH X , OH 

10.7 


-CONHC 9 H 19 

4.1 

240 


*Data from pH-titration, see below. Cl is the concentration of functional groups. Taking into account 
all the assumptions made, the relative uncertainty for Cl values are estimated to be in the range of 10 - 
20 %. 

The concentrations of acidic surface groups in SiC HF/HNO 3 were determined by pH- 
potentiometric titration method. Two inflections corresponding to -C0 2 H and =Si-OH groups with 
pK a equal to 3.35 and 6.23 can be seen on the titration curve (Fig. 10B). Values of pK a are slightly 
lower in comparison with reported data by Beke et al. [41], while the groups =C-OH were not 
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detected due to their low acidity (pK a ~ 10) and incomplete deprotonation under our experiment 
conditions. 

Hydrophilic surface of SiC KOH, SiC HF/HNO 3 and SiC NH 2 samples makes them suitable 
for preparation of aqueous sols, which can be made without any special dispersion techniques such as 
colloidal milling or application of high power ultrasound. Figure 11 shows the results of sols 
characterization by dynamic light scattering method. 



Figure 11. Particle size distributions and zeta potentials of chemically modified SiC NPs. 


Table 4. Characteristics of SiC NPs sols. 


Sample 

Particle size, nm 

Zeta potential, mV 

SiC 600 KOH 

50 

-51 

SiC 900 KOH 

35 

-51 

SiC HF/HNO 3 

45 

-37 

SiC NH 2 

215 

+49 


Zeta-potentials of studied NPs (Table 4) are stipulated by the chemical nature of their surface 
groups, existing as anions (VSi -0 and -CO 2 ) or cations (-CH 2 CH 2 NH 3 + ) in aqueous solution. 


23 
















Slightly smaller potential for the SiC HF/HNO3 in comparison with the SiC KOFI NPs is caused by 
residues of electrolyte (acid for SiC IIF/HNO, and alkali for SiC KOH) used for sols preparation. 

For all studied sols the DLS particle sizes are in the nanometers range without any large 
aggregates (Table 4). Flowever they are significantly larger in comparison with TEM and N2- 
adsorption data. This difference could be explained by the presence of aggregates formed by a few 
tightly-fused SiC NPs, with a surface area close to the sum of ones for separated NPs. Decrease of the 
particle size due to the growth of the oxidation temperature (see Table 1) causes the same effect on 
the DLS size value. Slightly smaller size of SiC FIF/FINCE as compared with the SiC 600 KOFI 
could take place due to partial SiC dissolution in F1F/HN03 solution. The size of SiC_ NI12 increases 
significantly in comparison with SiC F1F/HN03 particles, used for their preparation. Probably this 
change takes place due to cross-linking of the SiC NPs by bifunctional ethylenediamine molecules 
used for functionalization, and significant improvement of synthesis conditions is needed to avoid 
cross-linking. 

5. Conclusions 

In this paper we presented some new insights into SiC chemical behavior. Particularly, we 
demonstrated that thermal oxidation of highly-dispersed 3C-SiC resulted in formation of a thin 
hydroxylated SiCT layer on its’ surface, while an appearance of “silicon oxocarbide” in studied 
conditions seems doubtful. The process of controllable thermal oxidation followed by oxide removal 
was successfully applied for the SiC NPs size tuning. The permeability of thin disordered SiCF layers 
to oxygen and water molecules as well as a mismatch of the SiC and SiCT lattice parameters induce 
formation of C3Si-F[ and CF1 X fragments onto the SiCF/SiC interface under ambient conditions. 

Removal of oxide layers either by F1F or KOFI treatments resulted in SiC NPs, covered mainly 
by hydroxyl and CsSi-H groups. The surface of oxide-free SiC NPs could be efficiently modified by 
thermally or photochemically initiated reaction with alkenes. This reaction does not proceed as 



hydrosilylation of C 3 Si l I groups. However, its exact nature, i.e., interaction of alkene molecules 
with hydroxyls or/and with strained surface Si-Si or C-C bonds remains under discussion. Treatment 
of thermally oxidized SiC NPs with a HF/HNO 3 mixture produces two products: SiC NPs with 
carbon-enriched surface layer bearing carboxylic acid groups and soluble carbon fluorooxide. The 
latter is similar to that forming under SiC anodic etching. Further functionalization of carboxylated 
SiC surface could be readily achieved via amide chemistry. Highly hydrophilic SiC particles, such as 
hydroxylated (SiCKOH), carboxylated (SiC IIF/HNO 3 ) or animated (SiC_NH 2 ) form aqueous sols, 
stable under storage in close vessels for at least 1 year. 

Supporting Information Available 

Raman spectra, nitrogen adsorption isotherm, diffuse reflectance UV-vis spectra, F Is XPS 
spectrum, transmittance FTIR spectra (KBr pellets) of studied SiC NPs, and corresponding brief 
descriptions. This material is available free of charge via the Internet at “http://pubs.acs.org”. 
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